Hexavalent chromium Cr(VI), one of the most toxic contaminants, is released in the environment due to various anthropogenic activities. This study presents a novel sandwiched nanocomposite synthesized using graphene oxide (GO), manganese dioxide (MnO 2 ) nanowires, iron oxide (Fe 3 O 4 ) nanoparticles and polypyrrole (PPy) to remove hexavalent chromium ion Cr(VI) from water by an adsorption-reduction mechanism. In the sandwiched nanocomposites, GO provided enough surface area, functional groups, and hydrophilic surface for efficient absorption. Fe 3 O 4 nanoparticles with excellent magnetic properties make it easy to separate and recover from water. Under acidic conditions, MnO 2 nanowires act as both template and oxidant to initiate the polymerization of pyrrole monomers on its freshly activated surface to obtain GO/MnO 2 /Fe 3 O 4 /PPy (designated as GMFP) nanocomposite. GMFP could effectively adsorb Cr(VI) through electrostatic attraction, and the adsorbed Cr(VI) ions were partly reduced to trivalent chromium Cr(III) (62%), resulting in the efficient adsorption and high removal of Cr(VI) from water. Hexavalent chromium adsorption by GMFP is strongly pH dependent and the adsorption kinetics followed the pseudo-second-order model. The Langmuir isothermal model described the adsorption isotherm data well and the maximum adsorption capacity was up to 374.53 mg g À1 at pH 2.0. These experimental results suggested that GMFP had great potential as an economic and efficient adsorbent of hexavalent chromium from wastewater, which has huge application potential.
Introduction
The existence of heavy metal ions, such as Pb(II), Fe(III), Hg(II), Cu(II) and Cr(VI) in groundwater is one of the most serious environmental problems today.
1,2 These toxic contaminants are a serious danger to human health. They enter the ecosystem through industrial and agricultural processes as well as mining activities. 3, 4 Among the toxic metal ions, chromium is a common contaminant in the environment coming from various anthropogenic activities, including metal electroplating, steelworks manufacturing, leather tanning, synthesis of pigments and so on. It is found that chromium exists in the environment in two stable states: trivalent Cr(III) and hexavalent Cr(VI), and the toxicity of the hexavalent form is ve hundred times greater than that of the trivalent form.
5 Cr(VI) can cause many health problems, such as liver damage, pulmonary congestion, asthma, and severe diarrhea. 1, 5 Therefore, various agencies such as WHO and USEPA have given a tolerable limit of 0.05 mg L À1 for dissolved Cr(VI) in drinking water, and that for total chromium (all form of chromium) is 2 mg L
À1
. 6 Therefore, it is very urgent to remove Cr(VI) from wastewater or reduce Cr(VI) to less toxic Cr(III) prior to discharge into the environment. Until now, several methods have been reported to reduce the harmful effects of Cr(VI) such as electrical enrichment, reverse osmosis, ion exchange and adsorption. [7] [8] [9] [10] Owing to the simple procedure, cost-effective, and high efficiency, adsorption methods have great potential for the removal of Cr(VI) and thus attracting more and more attention in recent years.
11
Different types of adsorbent materials have been widely used for the removal of Cr(VI) from wastewater. However, conventional adsorbents oen show a limited adsorption capacity or not easily separated even cause potential secondary pollution because they do not have enough surface area, functional groups, and hydrophilic surface.
12 Therefore, it is important to fabricate a nanomaterials with excellent performances of adsorption, reduction, and collectability simultaneously for the removal of Cr(VI) from wastewater.
Among the various materials, graphene oxide (GO), a twodimensional carbon nanomaterial, has been used as a highly efficient adsorbent to remove heavy metal ions because of having an ultralarge specic surface area and abundant oxygencontaining groups (e.g. -OH and -COOH). [13] [14] [15] [16] And the idea of GO coated with MnO 2 may be utilized in synthesizing new nanocomposite materials which would have better performances in metal ions adsorption applications. Polypyrrole (PPy) carries large amounts of positively charged nitrogen atoms in the polymer chains, which render it a good prospect in adsorption application. [17] [18] [19] Although GO/MnO 2 /PPy has high adsorption and reduction abilities for Cr(VI), the resulting mixture could not be easily collected from water aer treatment towards Cr(VI). 20 Herein, Fe 3 O 4 was incorporated with GO/ MnO 2 /PPy to obtain GO/MnO 2 /Fe 3 O 4 /PPy, which displayed a high removal ability on Cr(VI) through adsorption and reduction, and an excellent magnetic collectability from aqueous solution. The optimal condition and the removal mechanism were investigated. This work provides a facile, efficient, and environmentally-friendly approach for the remediation of Cr(VI)-contaminated wastewater.
Results and discussion

Characterization
Aim to design materials with high adsorption capacity for the chromium removal, a sandwiched nanocomposite has been developed with utilizing graphene oxide (GO), manganese dioxide (MnO 2 ) nanowires, iron oxide (Fe 3 O 4 ) nanoparticles and polypyrrole (PPy), as illustrated in Scheme 1. In this study, we employed GO as the substrate for its ultralarge specic surface area and abundant oxygen-containing groups. By means of hydrothermal method, the MnO 2 nanowires were deposited at the surface of graphene oxide sheets. Fe 3 O 4 was incorporated with GO/MnO 2 to obtain GO/MnO 2 /Fe 3 O 4 , which displayed an excellent magnetic collectability as adsorbent for Cr(VI) remove from aqueous solution. Finally, by using pre-prepared MnO 2 nanowires as the reactive templates, pyrrole monomers transport to the surface of MnO 2 nanowires, leading to the formation of GO/MnO 2 /Fe 3 O 4 /PPy, which displayed a high removal ability on Cr(VI) through adsorption and reduction.
The obtained GMFP nanocomposite was rst characterized by scanning electron microscopy (SEM) (Fig. 1) . GO was prepared by modied Hummers method from natural ake graphite (Fig. 1A) . Then GO/MnO 2 nanomaterials were fabricated via hydro-thermal method. As shown in Fig. 1B , the MnO 2 component in the composite is nanowire, which is several hundred nanometers to several micrometers in length and homo-geneously and densely attached on the surface of graphene sheets. Fig. 1C Fig. 1D , the resulting sample has rough surface. MnO 2 is a strong oxidant and acts as chemical oxidative initiator for pyrrole polymerization. Since the MnO 2 serves as oxidant and template in the chemical reaction, PPy shell is coated on MnO 2 nanowires to form core-shell structure.
The formation mechanism of MnO 2 /PPy coaxial nanowires is illustrated in Scheme 2. It is understandable that the core of the coaxial nanowires is a-MnO 2 and the shell is PPy. In our case, the a-MnO 2 nanowire surface exposed in acidic solution contacts with pyrrole monomers to proceed with a redox reaction. When H + ions are added in the solution, some of them are adsorbed on the surface of a-MnO 2 nanowires due to the electrostatic attraction. Aer adding pyrrole, the monomers transport to the surface of a-MnO 2 nanowires because of their intrinsic hydrophilic characteristic in acid solution and polymerize over there, leading to the formation of PPy shell. , which can be assigned to the (110), (200), (310), (400), (211), (301), (411), (600), (521), (002) and (541) planes of a-MnO 2 (JCPDS no. 44-0141) (Fig. 3a) . 21, 22 No characteristic impurity peaks are 
Determination of Cr 6+ concentration
The concentration of Cr 6+ was analyzed by UV spectrophotometric method, 25 and the results were shown in Fig. S2 and S3 (ESI †). When absorbance is plotted against concentration, the data are regressed linearly, so we could calculate concentration of hexavalent chromium ion from the absorbance.
Effect of solution pH
The solution pH has been acknowledged as the most important factor governing metal adsorption onto the adsorbent. 26 To investigate the adsorption capacity of GMFP under both acidic and alkalic conditions, pH values from 2 to 12 at initial concentrations of 300 mg L À1 to evaluate the effect of pH on the Cr 6+ adsorption process.
Solution pH affects both the surface charge of an adsorbent and the speciation of metal ions. The effect of initial solution pH on Cr(VI) adsorption by the GMFP composite was therefore studied and illustrated in Fig. 5 . As shown in Fig. 5A , the Cr(VI) adsorption capacity decreased as the solution pH increasing from 2 to 12. Cr(VI) speciation in solution is known to be highly pH dependent (Fig. 5B) . Chromic acid (H 2 CrO 4 ) occurs when pH is less than 1. Furthermore, from acidic pH 1 to the neutral pH 7, the hydrogen chromate ion (HCrO 4 À ) exist, whereas, above the neutral pH, only chromate ions (CrO 4 2À ) exist in the solution.
27,28
At a lower pH, the adsorption effect is high because predominant . Thus, the adsorption quantities of Cr 6+ at a lower pH are larger than that of at higher pH. The controlled experiments about without use of adsorbent in the presence of acid and without acid only use adsorbent have been made. The result was shown in Fig. S4 . † The gure shows that the concentration of Cr(VI) does not change without use of adsorbent in the presence of acid (pH ¼ 2), and the Cr(VI) percentage removal is about 26% without acid only use the adsorbent. This result shows that the pH value is an important factor affecting the adsorption efficiency.
Adsorption isotherms
Batch equilibrium adsorption experiments were used for adsorption assessment through plots of adsorption isotherms.
The maximum adsorption capacity can be obtained from adsorption isotherms. Adsorption isotherm consists of two important parameters, Langmuir and Freundlich isotherms. Langmuir adsorption isotherms have been successfully applied to many real adsorption processes. A basic assumption of Langmuir theory is that adsorption takes place at specic homogeneous sites within the adsorbent. It is assumed that once a molecule occupies a site, no further adsorption can occur at that site. Theoretically, a saturation value is reached and no further sorption can occur. A linear form of this expression is:
where q e (mg g
À1
) is the amount of solution adsorbed per unit mass of the adsorbent, C e (mg L
) is the solute equilibrium concentration, q m (mg g À1 ) is the maximum adsorbate amount that forms a complete monolayer on the surface, and b (L mg
) is the Langmuir constant related to adsorption heat. When C e /q e is plotted against C e and the data are regressed linearly, the q m and b constants can be calculated from the slope and the intercept.
The values of these parameters, as analyzed from the plots shown in Fig. 6 , are summarized in Table 1 . According to the obtained results, the adsorption data of the Cr(VI) ions of GMFP nanocomposites were tted particularly well with the Langmuir model, with good correlation coefficients. The maximal adsorption capacity of Cr(VI) ions of GMFP nano-composites was about 374.53 mg g À1 . By comparison to the reported adsorbents (Table 2) , GMFP has a superb removal capacity toward Cr(VI). Therefore, GMFP is a potential material for Cr-contaminated wastewater cleanup.
Adsorption kinetics
Adsorption kinetics, demonstrating the solute uptake rate, is one of the most important factors which represent the adsorption efficiency of the GMFP and therefore, determines their potential applications. The effect of adsorption time on the adsorption capacity at different initial solution concentrations is shown in Fig. 7A . The removal of Cr 6+ increases with increasing contact time. To better understand the adsorption behaviors, the kinetic adsorption data were simulated with the pseudo-second-order rate equation, which are expressed as follows:
where q e and q t (mg g À1 ) are the adsorption capacities at equilibrium and at time t (min), k 2 (g mg À1 min À1 ) are the pseudosecond-order rate adsorption constants. The values of these parameters, as analyzed from the plots shown in Fig. 7 , are summarized in solution. The rate constants (k 2 ) were very small, suggesting that the adsorption process was not very fast. Fig. 7B and Table 3 show the pseudo-second-order model for adsorption of Cr(VI) by GMFP nanocomposites. From the plots t/q t vs. T of GMFP nanocomposites adsorbent at initial concentrations of Cr(VI) varied from 150 to 300 mg L À1 , the pseudo-second-order rate constant (k 2 ) decreases from 9.588 Â 10 À5 to 7.396 Â 10 À5 g mg À1 min À1 . The calculated q e is also close to the theoretical one, and the correlation coefficient (R 2 ) is above 0.994. This result indicates that the adsorption kinetics of the Cr(VI) removal by the GMFP nanocomposites follows the pseudosecond-order model, suggesting it is a chemisorption process.
Mechanisms of adsorption
We also use the XPS spectra to investigate the mechanism of Cr(VI) adsorption with the GMFP nanomaterials in current system (see Fig. S5 †) . The presence of the elements C, N, O, Mn and Fe with Fig. 6 Fit of equilibrium data to Langmuir isotherm model. 
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high contents in the GMFP was evidenced by the photoelectron lines of the wide-scan XPS spectrum at 285, 401, 532, 641 and 711 eV, attributed to C 1s, N 1s, O 1s, Mn 2p and Fe 2p, respectively (Fig. S5A †) . The Mn 2p XPS spectrum exhibits two characteristic peaks at 642.0 and 653.5 eV, corresponding to the Mn 2p 3/2 and Mn 2p 1/2 spin-orbit peaks of a-MnO 2 , further conrming the presence of a-MnO 2 in the composite (Fig. S5B †) . In the highresolution Fe 2p XPS spectrum (Fig. S5C †) In the formation process of the GMFP nanocomposites, the initial GO was reduced to graphene, conrmed by signicantly improving the intensity of sp 2 C-C bonds of graphene and decreasing the oxygen containing carbon (epoxy C-O, carbonyl C]O, and carboxyl) (Fig. S5D †) . XPS spectra of the GMFP nanocomposites before and aer adsorption of Cr(VI) were shown in The existence of Cr(VI) species on the surface of GMFP can be attributed to the adsorption of Cr(VI) ions through the anion exchange property of the surface of GMFP under acidic conditions. However, the appearance of Cr(III) on the surface of GMFP indicates that some fraction of adsorbed Cr(VI) was reduced to Cr(III) during the adsorption process. Aer treatment of Cr(VI), the N 1s peak of GMFP shied to a lower binding energy (Fig. S5F †) , and the peak width of N 1s decreased signicantly, suggesting that the presence of positive nitrogen group in polypyrrole was regarded as a great contribution to the reduction process. 37, 38 There could be a possibility of reduction of Cr(VI) to Cr(III) in the presence of functional groups such as -OH, -COOH, and -NH-, on the surface of GMFP at low pH values due the occurrence of redox reactions between the surface groups and the Cr(VI). The whole process was represented by the following eqn and Scheme 3: 
Conclusion
Hexavalent chromium is one of the extremely toxic heavy metals of great concern in water supplies. Until now, different types of adsorbent materials have been widely studied for the removal of Cr(VI) from wastewater. However, conventional adsorbents oen show a limited adsorption capacity or difficult to collected from wastewater, these shortages limit these materials in actual application. For conducting polymers, polypyrrole (PPy) has been studied for the removal of Cr(VI) from wastewater because of its tunable morphology, excellent redox property and longterm environment stability. In this study, we present a magnetic nanocomposite named GMFP, was fabricated based on GO, MnO 2 , Fe 3 O 4 and PPy, and it was conrmed by SEM, TEM, XRD, and FTIR. The MnO 2 /PPy composites with core/shell nanostructure were synthesized successfully via a simple approach, and performed excellently towards Cr(VI) adsorption in the aqueous solution, displaying high adsorption capacity (374.53 mg g À1 ) under acidic conditions. The results of XPS shows the mechanisms of Cr removal, its suggested the adsorption effect was mainly because of the electrostatic attraction between the surface of the bare GMFP and Cr(VI), and the reduction from Cr(VI) to Cr(III) was mainly attributed to the functional groups (such as -OH, -COOH, and -NH-) of GMFP. This nding implicated that GMFP had great potential as an economical and efficient adsorbent of Cr(VI) from wastewater.
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